Abstract: We present two designs of all-solid photonic bandgap fiber (PBGF) for higher order bandgap suppression to realize a unique transmission window for optical filtering purposes. These two approaches are based on either applying a low-refractive-index core or a high-refractive-index background. This paper describes direct calculations of different modes in high-index rods in the all-solid PBGF using the antiresonant reflecting optical waveguide model for a double-cladded step index fiber. The flat-top single-band bandpass filter was obtained with potential center wavelength over ultraviolet, visible, and infrared regions. We achieve the single-band bandpass filter with minimum passband-torejection-band ratio of 20 dB in core power. From the calculated performance, both analytical and simulation results are in good agreement with confinement loss calculation.
Introduction
Photonic crystal fiber (PCF) is a type of optical fiber which has transverse periodic structure as cladding with a center core defect extending through its entire length. There are two categories of PCFs: index-guiding PCFs and photonic bandgap fibers (PBGFs). For index-guiding PCFs, the core refractive index (RI) is higher than the effective RI of the cladding, where the light is guided in the core by modified total internal reflection. On the contrary, the core RI of a PBGF is lower than the effective RI of its cladding. In the latter, the periodic cladding structure gives rise to certain photonic bandgaps (PBGs) in which light is not able to penetrate through the cladding region, thus confined in the core. All-solid PBGF consists of silica background with a periodic structure of cylindrical high index inclusions which leads to the formation of the bandgaps of the photonic crystal cladding [1] - [4] . These bandgaps exhibit wavelength selective guiding in the core, therefore enabling optical filter engineering. Guidance of light in the all-solid PBGFs is also described by Antiresonant Reflecting Optical Waveguide (ARROW) model [5] . This model considers individual high-index rod of the cladding as a step index fiber and supports a number of normal modes [6] , [7] . When the aforementioned modes are at resonant condition, strong coupling will be induced between the rods and the PCF core modes, causing high loss in the core of PCF. On the other hand, at anti-resonance condition, little coupling occurs between high index rod mode and forms the photonic bandgaps of the PCF. Within the bandgaps, light may trap inside the core and the core mode is able to propagate with minimum loss [3] .
Fiber in-line filter recently has gained huge interests due to its ability of inhibiting light propagation in unwanted wavelengths and inherent compatibility with existing fiber-optics technologies [8] , [9] . Numerous efforts have been carried out to manipulate the bandgaps of PBGF for various applications [4] , [10] - [14] . The photonic bandgaps of the PBGFs have been used to reduce Raman scattering [15] , [16] , higher order mode suppression [17] and filtering out the amplified spontaneous emission in lasers and fiber amplifiers [18] - [20] . Different types of fibers and methods have been introduced for filtering application. By using the ARROW model analysis, a tunable filter based on the all-solid PBGF has been presented by varying the rod's RI through temperature control [21] . Liquid crystal-infiltrated PCFs is another method to tune the bandgaps by electro-optic effect [22] , [23] . A thermo-optic based bandwidth variable filter has been demonstrated theoretically and experimentally in [24] . In addition, bandpass filters using index-guiding holey PCF was numerically designed by changing the parameters of the core, background, and air holes [25] , [26] . Liu et al. demonstrated the fabrication of a tunable bandpass filter by combining the bend loss edge of an all-solid PBGF and a Bragg fiber [27] . By using multiple resonant coupling method, higher order modes of an all-solid PBGF have been suppressed and the confinement loss of the first bandgap has been increased by applying heterostructured cladding [28] . Moreover, low confinement and bend loss has been obtained for core modes in the first bandgap as well as the higher order bandgaps of an all-solid PBGF [29] . However, the existence of parasitic bandgaps in unwanted wavelength regions for all previous PBG fiber in-line filters is undesirable for filtering purposes that require single-band passband.
In this work, we propose two simple approaches to suppress the core mode guidance in parasitic higher order bandgaps of an all-solid PBG fiber, either by using a low RI core or a high RI background to have a single-band bandpass filter. Using ARROW model for a double cladded step index fiber [30] , it is possible to find modes of the high-index rods for these PBGF designs and explain the suppression conditions of the higher order bandgaps. To the best of our knowledge, it is the first time to use double cladding fiber in ARROW model for PBGF with low index core. Furthermore, using plane-wave method, the bandgap diagram of the PCF have been calculated and compared to the theoretical calculations. The power ratio plot and confinement loss diagram also verify the single-band bandpass region design. Our proposed algorithm is based on inherent characteristic of the PBGF in which no extra active control needed to achieve the filtering purpose. The filter can be optimized for light guiding like the near infrared (NIR) wavelength region centered at 1.0 m [31] . The proposed PBGF can be employed in fiber laser [32] , [33] , laser spectroscopy [34] , optical communication [35] , sensing [36] , and high-quality optical imaging [37] . Fig. 1(a) shows the PBGF cross section for optical bandgap tailoring. This structure consists of a triangular lattice of high-index inclusions with n r , embedded inside the background material ðn b Þ which is pure silica. Seven rods at the center of the structure are omitted to form the core of the PBGF. The radius of each rod is r r , and Ã is the pitch size of the cladding structure.
Mathematical Background and Modeling
The refractive index profile of a step-index fiber related to a high-index rod of the above mentioned PBGF is shown in Fig. 1(b) . Here n r and n b are core and cladding refractive indexes and r r is its core radius. The normalized transverse wave numbers are
where ¼ kn eff and k ¼ 2= are the propagation constant and wave-number of the light, respectively. By defining the v -parameter as v 2 ¼ u 2 þ w 2 and using (1), we have
where is the wavelength of the light in the vacuum. This parameter helps to define the cutoff wavelengths ðÞ of the step-index fiber [6] .
In the wave theory of the hybrid modes, by using the Maxwell equations and boundary conditions of an individual rod, the dispersion equation can be defined as [38] 
where J l and K l are the Bessel and the modified Bessel functions of the first kind of the order of l and the prime sign presents the derivative of the mentioned functions with respect to their arguments. By using the recurrence relations for the derivatives of the Bessel functions as
the different modes of the individual rod can be found. By using the dispersion equation, it is possible to plot the n eff versus as presented in the next section. Since the values of n r and n b are not close, thereby, the presented calculation is not based on weakly guiding fiber approximation. At the cutoff condition, the normalized transverse wave numbers of the cladding ðÞ approach to zero. It means the cutoffs for the various modes are being found by solving (3) in the limit of w 2 ! 0 which leads to u ¼ v . For the zeroth order of the Bessel functions ðl ¼ 0Þ, the boundary conditions are satisfied by a pure TE or TM waves (TE 0m and TM 0m ) which both of them have cutoffs satisfied J 0 ðuÞ ¼ 0 where m is the number of Bessel function roots [29] . For the non-zeroth orders, the hybrid modes are satisfied the boundary conditions. In the case of l ¼ 1 (EH 1m and HE 1m ), the zero of the Bessel function of the first order is obtained ðJ 1 ðuÞ ¼ 0Þ. For l ! 2, the EH lm modes lead to J l ðuÞ ¼ 0. Table 1 represents the first six zeros of Bessel functions J 0 , J 1 , J 2 , and J 3 .
For HE lm modes, the cutoff condition results in Table 2 shows the first six zeros of (5) for l ¼ 2; 3; 4; 5. The values of Tables 1 and 2 are the v -parameters of a step index fiber which indicate the normalized cutoff frequencies of different modes. Now consider a step index fiber with double cladding with RI profile of the Fig. 1(d) . The radius of the first cladding is r r 0 ¼ 2Ã À R. This RI profile consideration is in the direction of our proposed design in the next section [see Fig. 1(c) ] which is the same PBGF but with a different core RI ðn c Þ and radius of R. Note that six rods of the first layer in cladding have distance r r 0 with respect to the core edge and six remaining ones have a negligible variation from r r 0 that does not have remarkable effect on derived results.
First, we find the modes of the core region. The normalized transverse wave numbers for these three mediums are In cylindrical coordinates, using the continuity of the tangential and axial components of the electromagnetic fields at each boundary (r ¼ r r and r ¼ r r 0 ) we can obtain eight equations in matrix form as
where l is an integer, I l is the modified Bessel function of the first kind,
, and 0 and 0 are permittivity and permeability of the wave in vacuum. By setting the determinant of the first matrix to zero, the characteristic equation will be obtained, where can be used to plot n eff in terms of . The calculation approach of the first cladding modes is the same, except the normalized transverse wave numbers are
and the axial components of the electromagnetic fields are based on Y l which is the Bessel function of the second kind. The dispersion equation in matrix form is
The plots related to the double cladded fibers are shown in the next section.
Proposed Approaches and Discussion
The photonic bandgaps of the all-solid PBGF cladding are numerically computed using planewave method, freely available in MIT Photonic-Bands (MPB) software package [39] . This method finds the solution of plane-waves superposition to calculate the electromagnetic modes of each propagation constant in the infinite periodic structure of the cladding. Then by applying core as a defect to the structure, the guided modes are calculated through the bandgaps using the supercell approximation. The initial PBGF cross section (before applying modification) has been presented in Fig. 1(a) , which consists of a triangular lattice of high-index inclusions with n rod ¼ 1:8 embedded inside the background material as pure silica ðn silica ¼ 1:45Þ. Seven rods at the center of the structure has been omitted to form the core as a defect. The high-index inclusions can be made by doping silica with high-index materials or alternatively, by using capillaries filled with high-index liquids [40] . The radius of these rods are 0:2Ã. The small radius of the high-index rods simplifies and speeds up the doping process during preform fabrication by modified chemical vapor deposition (MCVD). In the fabrication of the PCF, all rods are stacked together in a triangular array and pulled in two steps using standard fiber drawing tower. To reach the intended pitch size, the fiber can be pulled by applying thick jacketing tube on the preform cane.
Two different approaches are proposed to inhibit the core guiding modes inside the parasitic higher order bandgaps of the PBGF. The first approach is considered by replacing the core to a rod with RI of 1.42 which is lower than that of pure silica. Then its band diagram is calculated and compared with the previous one. The low-index core can be fabricated by doping the silica glass with low-index materials like fluorine. In the second approach, the PBGF has a silica core and a background RI of 1.48 which is higher than the RI of silica and lower than that of highindex rods. The core of the latter design is considered silica. Utilizing high-index glass doped with Ge is suggested to fabricate the mentioned PBGF. The applied ARROW model for these two cases can be analyzed as an individual double cladded high-index rod. The PBGF core RI is assumed as the second cladding material. To have an easy investigation in cylindrical coordinate, circular model is used for the unit cell. In our analysis, we concentrate on the rods of the first layer of PCF cladding due to major effect on guidance properties in PCF core [41] . Moreover, the coupling effect among rods is assumed to be neglected. Birks et al. [7] applied the method of using two alternative boundary conditions for a single rod which is similar to our method with two boundary conditions and three different materials. In our proposed approaches, we find the band structure of PCF by calculating the exact solution of modes (TE, TM, HE and EH) for one individual high-index rod, while the approximation in [7] is based on weakly-coupled modes (LP). As another advantage, the PCF in [7] has a core of silica, same as the background material, whereas we use a different PCF core material other than the background and rods. Fig. 2(a) shows the calculated band diagram of the initial proposed PBG fiber when the core is pure silica. The band diagrams are presented as modal RI versus normalized wavelength. The first three bandgaps are delineated by white color areas with blue color edges. The black dotdashed line indicates the effective RI of the cladding. Above this curve (dark gray shaded area), the index-guiding mechanism is possible. The green dashed line shows the core's RI value. Light modes propagating within the bandgap areas cannot penetrate through the cladding structure. The guiding mode in the core is located inside all bandgaps and has lower RI than that of the core. Such guided mode is illustrated in Fig. 2(a) by the red dashed curves forming the first, second and third power ratio bands which are passing through the first, second and a part of the third bandgaps (I, II, III), respectively. The schematic of the mode confinement in the core has been simulated using COMSOL Multiphysics software for each bandgap which has been shown besides the core mode curves in each bandgap. This guiding mode is the fundamental mode of the core going through all bandgaps. The higher order core modes which are bands near the fundamental mode, have not been shown in this figure. The two cutoff points are set by the first bandgap which are around 0.58 and 1.1 normalized wavelengths. For shorter wavelengths, light can be guided by the discrete bandpass regions through higher order bandgaps.
Initial Design
The corresponding power ratio for this PBGF is shown in the inset of Fig. 2(a) . The power ratio plot is obtained by calculating the power of light inside the PCF core with respect to the whole cross section area using COMSOL. One can observe the high power ratio in core due to first, second and third (partial) bandgaps of the PBGF, ranging from 0.3 to 1.3 normalized wavelengths. The high power ratio region related to the first bandgap has the widest bandwidth around 5 normalized wavelength unit while the second and third bandgaps lead to narrower bands. The power ratio minima are the points between bandgaps.
The high loss wavelength regions which are located between the bandgaps can be obtained by the calculation of the cutoffs of an individual rod. Fig. 2(b) shows the first 7 modes (black curves) related to an individual high-index rod with RI profile of Fig. 1(b) when n r ¼ 1:8 and n b ¼ 1:45. The curves are plotted by solving the dispersion equation in (3) with help of the dispersion equation of three layer cylindrical waveguide in [30] . As depicted in Fig. 2(b) , all modes except the HE 11 have cutoffs at the green dashed line which is indicating the RI of the PBGF core. Above this line, when the modes of all rods are at resonance, the superposition of these modes results in a supermode. However, when the rod modes are at anti-resonance, they do not create any state and we have bandgaps. Below the line of n b ¼ n c , the background modes exist. When these modes are at anti-resonance, bandgaps are formed and enable light propagation in the core ðn b Þ without the total internal reflection effect. The curves related to the fundamental core mode of the PBGF has been repeated in Fig. 2(b) for better illustration. As it can be seen, when the effective index of the core mode and the rod mode are not matched, the core mode is able to propagate through the fiber. However, at the cutoff wavelengths of the rod modes, these effective indexes are matched. Hence, The core mode couple to the rod modes and not guided in the core.
We utilize the first bandgap to design the single-band bandpass filter. The first bandgap is superior compared to higher order bandgaps as it is less sensitive to bending and physical deformation of PCF compared to higher order bandgaps. In addition, there is no power ratio region at higher wavelength ranges beyond the first bandgap. Therefore, it is practically simpler to obtain a single-band bandpass filter by inhibiting the power ratio bands in the shorter wavelength that due to higher order bandgaps. The issue of relatively higher loss in the first bandgap compared to the other ones can be solved by adding more layers of rods around the core [5] or introducing an index depressed layer around the high index rods [42] . We propose two approaches to suppress the guidance of the core mode inside the higher order passbands and obtain a single-band bandpass region. The first approach is considering the whole structure the same as the initial PBGF and only changing the RI of the core to 1.42. For the second approach, the pure silica is used as core while a material with RI of 1.49 is forming the background of the PBGF structure.
First Approach
In order to implement the first approach, the core radius and RI have been optimized to R ¼ 1:45Ã and 1.42, respectively [see Fig. 1(c) ]. Seven rods at the center of the initial PBGF are removed and replaced with the proposed core. Practically, this refractive index of the core can be achieved by doping low RI materials such as fluorine into the silica glass. Fig. 3(a) shows the calculated bandgaps (white color areas) and fundamental core guided mode (dashed red line inside the 1st bandgap). The new core RI is shown with green dashed straight line. As indicated in Fig. 3(a) , the guided mode does not propagate in the second and third bandgaps. Therefore, only one passband exists with normalized cutoff wavelengths at 0.7 and 1.15. This design offers a good single-band bandpass filter with center normalized wavelength at 1.0. It is worth noting that modes with effective RIs higher than that of the core within the bandgaps are guided as surface modes around core [39] . Hence, the size of the core is optimized to have minimum confinement loss. One way to inhibit the parasitic surface modes is size reduction of the background area surrounding the core which can be achieved by enlarging the core size.
The inset of Fig. 3(a) depicts the power ratio plot for the first approach. Obviously, only single high power ratio region corresponding to the first bandgap remains and core power for other regions are suppressed. This results in a single-band bandpass filter centered at 0.95 normalized wavelength with full width half maximum (FWHM) of 0.3 normalized wavelength. We obtain single-band bandpass filter with minimum pass band to rejection band ratio of 16 dB by this approach. A secondary power ratio peak observed in second bandgap region is because of the proximity of the core line to the edge of the second bandgap. This negligible power ratio peak can be removed by reducing the core RI to a lower amount such as 1.41. Fig. 3(b) shows the modes related to an individual high-index rod with RI profile of Fig. 1 (d) when n r ¼ 1:8, n b ¼ 1:45, and n c ¼ 1:42. The curves have been calculated using the dispersion equation for a double-cladded optical fiber from Eq. (7) for its core modes (black curves) and from Eq. (9) for its first cladding modes (black dotted curves). Note that in the RI profile model, the second cladding material is the same as PCF core material. This assumption leads to calculate the bands below core modes cutoff of the step index fiber which has been done in [7] . As it can be seen from Fig. 3(b) , the modes continue going down the n b line and have cutoffs at n c . The cutoff points of the modes are at the same normalized wavelengths as the power ratio minima in the inset of Fig. 3(a) . Indeed, due to the fact that the rod modes retain their identity below cutoffs as leaky modes, the first cladding bands (or the bands of the PBGF background) are arranged around their dispersion curves [43] . The red dashed curve is the fundamental PBGF core mode represented from Fig. 3(a) . As we have explained before, in the bandgaps region, the modes of the high-index rods are at anti-resonance and allow the core mode to propagate.
However, by reducing the core RI, the effective index of the core mode is also reduced. Therefore, except at the first bandgap region, the anti-resonance condition does not occur for higher order modes of the individual rod (no bandgap exists below the line of n c ). This gives rise to the absence of guiding in the wavelength regions that correspond to the higher order bandgap and provide the intended single passband region.
Second Approach
By using the second approach, it is possible to suppress the guiding in higher order bandgaps in another way. The RI of the background in this approach has been raised to 1.49. The core is (7) and (9), respectively. made by replacing seven rods at the center with a silica core with RI and radius of n c ¼ 1:45 and R ¼ 1:45Ã, respectively. Fig. 4(a) shows the unique passband inside the first bandgap with cutoff wavelengths at 0.8 and 1.15. By increasing the RI of the background, the total effective RI of the whole structure becomes higher and the band diagram is shifted up. This causes the higher order bandgap edges being placed above the core line. As a result, the core modes are guided by the first bandgap only.
Power ratio plot for the second approach is calculated and shown in the inset of Fig. 4(a) . Similar to the first approach, a flat-top high power ratio region centered at 0.95 normalized wavelength with full width half maximum (FWHM) of 0.3 normalized wavelength was obtained. (7) and (9), respectively.
Nonetheless, minimum pass band to rejection band ratio is improved to greater than 20 dB by the second approach. Fig. 4(b) shows the first seven modes related to an individual high-index rod with RI profile of Fig. 1(d) when n r ¼ 1:8, n b ¼ 1:49, and n c ¼ 1:45. The black curves represent the modes inside high-index rods, being continued by the modes of the background (black dotted curves) and have cutoffs at the RI of the core of the PBGF (green dashed line). The fundamental PBGF core mode is again shown as the red dashed curve. Since the RI of the core of the PBGF is small compared to the background material, it causes the effective RI of the core being far from the anti-resonant condition of the rods in those wavelengths related to the higher order bandgaps. Therefore, there is no bandgap related to the resonance effect between the rods in those regions.
Confinement Loss Calculation and Discussion
The confinement loss (CL) for the three PBGF structures explained above, is calculated using COMSOL Multiphysics [44] . To calculate the confinement loss, a perfectly matched layer (PML) is used to surround the structure of the PBGF which includes seven layers of high-index rods [45] . The PML is an anisotropic layer that used to introduce limit to the computational domain [46] . It effectively prevents the light scattered from the whole structure to re-enter regardless any angle of incidence, polarization, phase, or wavelength. The confinement loss (dB/m) of the PCFs of initial design, first approach and second approach are depicted in Fig. 5(a) -(c) respectively, against the normalized wavelength. The imaginary part of the n eff is used to get the fiber confinement loss [47] . As shown in Fig. 5(a) , there are three passbands corresponding to the first three bandgaps. The high loss points are coinciding with wavelengths in which individual high-index rod modes have cutoffs which mark the edges of the bandgaps. For example, the blue edge of the first bandgap lies at the cutoff of the TE 01 mode at 0.55 normalized wavelength as shown in Fig. 5(a) . It can be observed that the losses are higher when the effective index of the core is close to the bandgap edge and lower if the effective index of the core is close to the bandgap center. The third bandgap has the lowest loss around 10 −15 dB/m. The minimum loss for the second and first bandgaps are around 10 −12 dB/m and 10 −10 dB/m, respectively. In Fig. 5(b) , the CL due to the third bandgap has been totally inhibited by employing the first approach while retaining two power ratio region related to the lower order bandgaps. As a result, a single-band bandpass filter is centered at normalized wavelength around 0.95. Furthermore, we achieve the goal of creating single power ration region by suppressing the second and third order bandgaps by using our second approach. As observed in Fig. 5(c) , single bandpass window which is centered at normalized wavelength of around 0.9 is created. It is observed that the center normalized wavelength of the remaining power ratio region was red shifted. This is due to the change of the resonance conditions of individual rods of the cladding because of the change of their first cladding RI.
The fabrication of the bandpass filter with the PBGF of the first approach is easier due to the availability and low loss of the silica glass with respect to the glass with RI of 1.49 in the second approach. The first approach also gives us a wider bandpass region. However, since the core mode in the second approach has a cutoff further from the line of the core, it induces steeper power ratio curve which is important for optical communication, laser spectroscopy, etc. By appropriate design, the power ratio region of the PBGF can be tuned and refined for collecting weak signal of laser induced fluorescence spectroscopy or Raman spectroscopy. In these applications, steep edge slope is required for deep blocking of excitation laser and high transmission of desired weak Raman shifts or fluorescence signal. In addition, the PBGF can be designed for delivery of the excitation laser with specific filtering capability such as blocking the side bands of excitation laser, which is critical in measuring small Raman shift. Similarly, power ratio region of the PBGF can be tuned to telecommunication windows around 1300 nm and 1550 nm for coarse wavelength division multiplexing system or broadband multichannel optical communication. IEEE Photonics Journal Design of Bandpass Filter Using PBGF For both approaches, it is possible to manipulate the position of the bandpass region by changing the size of the fiber which leads to different values for the pitch size while maintaining the ratio of r r =Ã constant. With these approaches, we believe that a band pass filter over broad range of the difference wavelength can be engineered to meet the requirements for applications in optical communication, laser spectroscopy, etc.
Conclusion and Future Work
In this work, by applying all-solid PBGF, two approaches have been introduced to obtain a flat-top single-band bandpass filter with potential center wavelength over UV, visible and IR regions. They are based on the decreasing of the core RI or by increasing the background RI of the PBGF. A model for the RI profile of an individual high-index rod of the PBGF cladding has been introduced for the first time and its modes have been calculated theoretically. The results show good agreement with the simulation methods. The calculated power ratio and the confinement loss of the PBGF verify the existence of the single-band bandpass region using these approaches.
It is feasible to customize the proposed PBGF to attain a desirable filtering region for a specific application with conventional stack and draw method [48] . For instance, the width of bandpass regions can be varied by changing RI and the size of the high-index rods. In addition, we can achieve mode selectivity by decreasing the size of the core. Higher order modes can be suppressed and a single (fundamental) guided mode remains in the core. This is crucial for space division multiplexing and sensing application using PBGF [49] , [50] . Power ratio coefficient of the passband can be improved by adding more rings of rods around the core, prohibiting the tunneling of light through the photonic crystal cladding and reduce the confinement loss in the core.
